The present study investigated the dose-response relationship in testicular toxicology of pubescent (7-) and adult (17-week-old) Sprague-Dawley rats whose dams had been injected (i.g.) with 25 pg, 2.5 ng, 250 ng, or 7.5 µg of 3,3',4,4',5-pentachlorobiphenyl (PCB126)/kg or the vehicle on days 13 to 19 post-conception. Rat at 7 and 17 weeks of age of the 7.5 µg group and at 7 weeks of age of the 250 ng group showed an increase in the percentage of seminiferous tubules at Stages VII-VIII. At 7 and 17 weeks of age, rats of the 7.5 µg group showed a decrease in preleptotene spermatocytes with spermatids at all Stages, while animals of the 250 ng group also showed a decrease in preleptotene spermatocytes, but with round spermatids increasing at Stages VI-VII and elongated spermatids decreasing at Stage VIII. At 7 weeks of age, rats of the 2.5 ng group showed an increase in round spermatids at Stages VI-VII. The formation of spermatogenic cells in rats of the 25 pg group was similar to that seen in the vehicle group. The number of Sertoli cells and cauda epididymal sperms in rats of the PCB126 groups were similar to those of the vehicle group. Prenatal PCB126 exposure induced dose-related defective spermatogenesis. A high dose of PCB126 affected the development of spermatogonia and spermatids in puberty and adulthood, while a low dose affected the conversion of spermatids at puberty, although this was recovered in adulthood. Because the serum testosterone levels were similar in the PCB126 and vehicle group rats in puberty and adulthood, a direct endocrine cause for the observed effects was unlikely. (J Toxicol Pathol 2007; 20: 133-140) 
Introduction
Polychlorinated biphenyls (PCBs) are a group of commercially produced dioxins containing organic chlorines that includes 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). PCBs are highly lipophilic and ubiquitously contaminate the global ecosystem, their residues have been detected in the milk and adipose tissues of humans, fish, and wildlife, and in soils [1] [2] [3] . A variety of wildlife and human health concerns are related to the adverse effects mediated by PCBs, and in particular, effects mediated by their actions are considered to be potentially hazardous to the reproductive health of both humans and animals 4 .
Previous studies to clarify the testicular effects of prenatal exposure to PCBs and/or TCDD on offspring have evaluated mainly tissue weight, daily sperm production, cauda epididymal sperm number, serum testosterone concentration, and histopathological abnormality 2, 3 . Whether maternal exposure to PCBs and/or TCDD affects spermatogenesis in offspring is still a matter of controversy, and the testicular toxicology due to prenatal exposure to PCBs and/or TCDD has remained ambiguous [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In the present study, pubescent and adult male rats with prenatal PCB126 exposure revealed no significant alterations in testicular weight, cauda epididymal sperm number, and serum testosterone concentration. However, in addition to those parameters, the distribution of seminiferous tubule stages in the spermatogenic cycle and the numbers of spermatogenic and Sertoli cells in seminiferous tubules at each stage have been recommended as essential parameters for carring out a sensitive studies of testicular toxicologic pathology 16 . Although a few studies have investigated how exposure to PCBs and/or TCDD affects the seminiferous tubule stages in the spermatogenic cycle 17, 18 , the numbers of spermatogenic and Sertoli cells in seminiferous tubules at each stage have not been evaluated. In the present study, we investigated the dose-related effects of prenatal exposure of 3,3',4,4',5-pentachlorobiphenyl (PCB126) on testicular toxicology of rats from puberty to adulthood using the above toxico-pathological parameters.
Materials and Methods

Animals, chemicals, and treatments
All experimental procedures were conducted following the approval of the Animal Care and Use Committee of the Azabu University School of Veterinary Medicine. Guidelines set by the National Institutes of Heath and Public Health Service Policy on the Humane Use and Care of Laboratory Animals were followed at all times. Forty female and eight male 6-week-old Sprague-Dawley (SD) (slc) rats (Japan SLC, Shizuoka, Japan) were housed on hardwood-chip bedding in an animal room environmentally controlled at 22 ± 2°C and 55 ± 5% relative humidity, on a 12-hour light/12-hour dark cycle, and were fed a conventional diet (MF, Oriental Yeast, Osaka, Japan). At seven weeks of age, the rats were housed with five females and one male per plastic cage.
PCB126 was obtained from AccuStandard Inc., New Haven, CT. A lifetime tolerable daily intake (TDI) of PCB126 has been reported as ranging from 10 to 100 pg/kg/ day 19 . In this study, four doses of PCB126 were selected: 25 pg/kg/day as the TDI dose 20 , 10 2 times the TDI dose, 10 4 times the TDI dose, and 3×10 5 times the TDI dose. Groups of eight pregnant rats were treated with PCB126 at 25 pg, 2.5 ng, 250 ng, or 7.5 µg/kg body weight (intragastric administration: i.g.) or an equivalent volume of corn oil (~0.5 ml/animal, i.g.) on days 13 through 19 postconception. The offspring were sexed at birth, and litters were reduced so that each dam was left with ten offspring (five males/dam). Weaning was carried out at day 21 post partum. Each PCB126-treated group of offspring (25 pg, 2.5 ng, 250 ng, or 7.5 µg) and the vehicle group contained forty males.
Chemical analysis
Concentrations of PCB126 in the liver were quantified by the alkaline alcohol digestion method 20 . Aliquots of homogenized rat liver samples were refluxed in 1 N KOHethanol solution for 1 hr. The PCB126 thus extracted was transferred to 100 ml hexane by shaking in a separation funnel. Subsequently, the hexane layer was concentrated and purified by passing it through 1.5 g of silica gel (Wako gel S-1, Wako Co., Ltd., Osaka, Japan) packed into a glass column (10 mm inner diameter × 200 mm long). PCB126 was eluted with 200 ml of hexane at an elution rate of one drop per second. The eluate was concentrated to 5 ml in a Kuderna-Danish concentrator and further purified with 5% fuming sulfuric acid. All samples were injected into a gas chromatograph-mass spectrometer (GC-MS: Shimadzu 9020 DF with a SCAP-1123 data system, Shimadzu Co. Ltd., Kyoto, Japan) equipped with an electron-impact ion source and moving needle-type injection system for the determination of PCB126. The column consisted of a 0.23 mm I.D. × 30 m glass capillary coated with silicone. The operating conditions of the GC-MS were as follows: column oven temperature was programmed to rise from 190°C to 250°C at 0.5°C min -1 , and injector and ion-source temperatures were kept at 250°C and 280°C, respectively. PCB126 was determined by selected ion monitoring at m/z 326. The carrier flow of helium was controlled at 0.6 ml min -1 .
Morphometric study of testis
The male offspring were sacrificed by decapitation at 7 and 17 weeks of age. The testes and epididymides were removed and weighed. The testes and epididymides were fixed in Bouin's solution. After 8 hr the tissues were partially sliced and further fixed in fresh Bouin's solution for 24 hr. Fixed tissues were dehydrated, embedded in paraffin, and sectioned at 4 µm. Sections were stained with hematoxylin & eosin (HE) and periodic acid-Schiff (PAS) and counterstained with hematoxylin. The morphometry of cross-sectioned seminiferous tubules was analyzed, and those having a length-to-width ratio of less than two were used. The seminiferous tubule stages and the numbers of Sertoli cells, spermatogonia (G), preleptotene spermatocytes (PL), leptotene spermatocytes (L), zygotene spermatocytes (Z), pachytene spermatocytes (P), diproten spermatocytes (Di), meiotic spermatocytes (M), round spermatids (R), and elongating spermatids (E) were quantified in five hundred cross-sections of seminiferous tubules from each rat. Seminiferous tubules were staged according to the criteria of Hess (1990) 21 .
Cauda epididymis sperm number
The cauda epididymis was homogenized in 0.9% NaCl containing 0.05% Triton X-100, and the number of sperm in the homogenate was counted under a microscope using a counting chamber. The number of homogenization-resistant sperm heads per cauda epididymis was defined as the cauda epididymal sperm number.
Serum testosterone concentration
The serum testosterone concentration was determined at 7 and 17 weeks of age. After decapitation, blood was collected and centrifuged, the serum removed, and kept at -20°C until analysis. Testosterone was determined using the radioimmunoassay technique. Fifty microliters of standard, control, or rat serum samples were pipetted into labeled coated tubes, and 500 µl testosterone [ 125 I] reagent was immediately added to each tube. Racks of tubes were gently shaken by hand for 30 s and placed into a water-bath at 37°C for 1 hr. After 1 hr, all tubes except total count tubes were decanted, aspirated, and then counted for 1 min in a gamma counter. Duplicate measurements were made on each sample, and the average result was reported in ng/ml.
Statistical analysis
For each data set, the mean value, standard deviation, and standard error of the mean were calculated and compared using Scheffé's F-test or a chi-square test using the computer statistical analysis software Stat View-J 5.0 (Abacus Concepts, Berkeley, CA).
Results
Body weight and concentration of PCB126 in liver
At 7 and 17 weeks of age, there were no significant difference in body weights between any of the PCB126treated groups and the vehicle group (Table 1 ). Compared to the vehicle group, the concentration of PCB126 in the liver of 7-week-old rats was significantly higher in the 7.5 µg and 250 ng groups, and that of 17-week-old rats was significantly higher in the 7.5 µg group (Table 2) . In this study, we did not investigate the concentration of PCB126 in the testes.
Testicular and epididymal weight
At 7 and 17 weeks old, there was no significant difference in the ratios of testicular and epididymal weights to body weight between any of the PCB126 treated groups and the vehicle group (Table 3 ).
Morphometric study of testis
Pathological alterations, such as pyknotic nuclei and/or occurrence of cell debris, were not detected in the seminiferous tubules and epididymis from the PCB126 treated groups and the vehicle group (data not shown).
The number of Sertoli cells per seminiferous tubule was not statistically different between any of the PCB126-treated groups and the vehicle group (Fig. 1 ). Compared to the vehicle-group, the 7.5 µg group at 7 and 17 weeks of age, and the 250 ng group at 7 weeks of age had a significantly increased numbers of stage VII-VIII seminiferous tubules (Stages VII-VIII) ( Table 4 ) concomitant with a significant decrease in the number of preleptotene spermatocytes. The number of spermatids in the 7.5 µg group was significantly decreased at Stages I-XIV ( Figs. 2 and 3 ). Compared to the vehicle-group, the 250 ng group at 7 and 17 weeks of age had a significantly increased number of round spermatids at Stages VI-VII, and a significantly decreased number of elongating spermatids at Stage VIII (Figs. 2 and 3) . Compared to the vehicle group, the 2.5 ng group at 7 weeks of age had a significantly increased number of round spermatids at Stages VI-VII, but at 17 weeks of age the number was similar to that of the vehicle group (Figs. 2 and  3) . The frequency of seminiferous tubules at the different stages of the spermatogenic cycle and the number of Table 4 ).
Cauda epididymal sperm number
The cadua epididymal sperm numbers at 7 and 17 weeks of age were not statistically significantly different between any of the PCB126-treated groups and the vehicle group (Table 5 ).
Serum testosterone concentration
At 7 and 17 weeks of age, significant differences between the serum testosterone concentrations of the PCB126-treated groups and vehicle group were not detected ( Table 6 ).
Discussion
In this study, the numbers of Stage VII-VIII seminiferous tubules in rats prenatally exposed to PCB126 was significantly increased at 7 and 17 weeks of age in the 7.5 µg exposure group, and at 7 weeks of age in the 250 ng exposure group concomitant with a significant decrease in the number of preleptotene spermatocytes. It appears that inhibition of the development of spermatogonia in Stages VII-VIII during puberty and/or adulthood might be induced dose dependently by prenatal PCB126 exposure. However, a significant decrease in the number of other types of spermatocytes was not observed, and further detailed study is required. Moreover, as the 7.5 µg group at 7 and 17 weeks of age showed significant decreases in the numbers of spermatids at all developmental stages and decreases in meiosis without significant difference, it seems that inhibition of the development of spermatocytes to spermatids also occurred in this group. While the 250 ng group at 7 and 17 weeks of age showed significantly increased numbers of round spermatids at Stages VI-VII, the number of elongating spermatids was significantly decreased at Stage VIII. It is known that conversion of round spermatids to elongating spermatids preferentially occurs between Stages VII-VIII 22, 23 . Thus, a relatively low exposure to PCB126, such as that experienced by the 250 ng group, might induce inhibition of the conversion of round to elongating spermatids in puberty and adulthood. Moreover, at 7 weeks of age, rats of the 2.5 ng group showed a significant increase in the number of round spermatids at Stages VI-VII, while the number of elongating spermatids was low at Stage VII; however these results were not significant by different from those of the vehicle group. While the PCB126 exposure, such as that experience by the 2.5 ng group, apparently mildly inhibited the conversion of round spermatids to elongating spermatids at puberty, this inhibition had recovered by adulthood. The present study revealed for the first time that prenatal exposure to even a low dose of PCB126, such as the 2.5 ng/day of pups born to a dam exposed to a total dose of 17.5 ng, affects spermatogenesis in puberty. Although the concentration of PCB126 in the rat liver was significantly higher in the 7.5 µg and 250 ng groups at 7 weeks of age, and in the 7.5 µg group at 17 weeks of age, in this study we could not attribute the spermatogenic alterations to the direct influence of PCB126. Substrate effect on spermatid numbers has been suggested to indicate interference with the spermatogenetic process, while an effect on sperm number in the cauda epididymis may not be specific to an alteration of the spermatogenesis process 11 . This study revealed a significant decrease in the number of spermatids at 7 weeks of age in the 7.5 µg and 250 ng groups and at 17 weeks of age in the 7.5 µg group, but a significant alteration in sperm number in the cauda epididymis was not observed in any PCB-treated group.
Isolated tubuli seminiferi of Wistar rats at 24 h after PCB126 exposure revealed predominantly a reduced number of elongating spermatids 17 , suggesting that Sertoli cells might be target cells of PCB126 17, 24 . The present study also revealed a decreased number of elongating spermatids at 7 weeks of age in the 7.5 µg and 250 ng groups. In this study, although the number of Sertoli cells was not reduced in all PCB-treated groups, the functional disturbance of Sertoli cells was unclear. Further detailed investigations concerning the interactions between Sertoli cells and spermatids following PCBs exposure are required.
Although normal spermatogenesis can be maintained at intratesticular testosterone concentrations as low as 20% of the control value 25 , testosterone is considered essential for qualitative normal spermatogenesis 26 . In previous studies, spermatogenesis was affected at PCB doses even lower than those causing decreased serum testosterone levels [27] [28] [29] . It has been reported that the serum testosterone concentration was not reduced in 9-weeks-old male Wistar rats pups which had received 10 µg PCB126/kg on gestation day 15 11 . We also found there were no differences in serum testosterone levels between any of the PCB126-treated groups and the vehicle group at 7 and 17 weeks of age. Therefore, the affect on spermatogenesis in 7-and 17-week-old rats was unlikely to be directly caused by possible concurrent reductions in testicular testosterone concentrations. Prenatal treatment of SD rats with 1 µg TCDD/kg on day 15 post conception induced decreased plasma testosterone concentrations before and shortly after birth, but testosterone levels had increased and were similar to the vehicle group at 5 days old 5 . The possible mechanism of PCB126 on early development of the male reproductive system remains to be investigated. However, we cannot rule out the possibility of early depression of testosterone in rats exposed to PCB126 at an early age, such as the fetal stage.
